Several reports suggest that obesity is a risk factor for osteopo rosis. Vitamin K plays an important role in improving bone metabolism. This study examined the effects of vitamin K1 and vitamin K2 supplementation on the biochemical markers of bone turnover and morphological microstructure of the bones by using an obese mouse model. Four week old C57BL/6J male mice were fed a 10% fat normal diet group or a 45% kcal high fat diet group, with or without 200 mg/1000 g vitamin K1 (Normal diet + K1, high fat diet + K1) and 200 mg/1000 g vitamin K2 (Normal diet + K2, high fat diet + K2) for 12 weeks. Serum levels of osteocalcin were higher in the high fat diet + K2 group than in the high fat diet group. Serum OPG level of the high fat diet group, high fat diet + K1 group, and high fat diet + K2 group was 2.31 ± 0.31 ng/ml, 2.35 ± 0.12 ng/ml, and 2.90 ± 0.11 ng/ml, respectively. Serum level of RANKL in the high fat diet group was significantly higher than that in the high fat diet + K1 group and high fat diet + K2 group (p<0.05). Vitamin K supple mentation seems to tend to prevent bone loss in high fat diet induced obese state. These findings suggest that vitamin K supplementation reversed the high fat diet induced bone deteri oration by modulating osteoblast and osteoclast activities and prevent bone loss in a high fat diet induced obese mice.
Introduction I n view of the recent increase in the aged population in Korea, emphasis has been placed on the prevention of and treatment for chronic diseases.
(1,2) Obesity has been studied as a factor that causes chronic diseases such as diabetes, (3) osteoarthritis, (4) hypertension, and cardiovascular disease, (5) and thus, it requires management. The prevalence of osteoporosis due to aging has also been increasing. Generally, bone density is known to be proportional to the body mass index (BMI); the higher the BMI, the higher the bone density, but recent studies have reported lower bone density in the obese population than that in non-obese people. (6) (7) (8) (9) (10) (11) (12) Therefore, prevention and treatment for obese people with osteoporosis are needed.
In bone metabolism, balanced bone formation by osteoblasts and bone resorption by osteoclasts maintains homeostasis. Imbalance in bone formation and resorption causes changes that lead to skeleton loss, osteoporosis, and osteomalacia. (13, 14) Among the many indices related to bone metabolism, type I collagen Ctelopeptide (CTx) has been reported as a bone resorption marker, osteocalcin (OC) as a bone formation marker (in blood), and receptor activator of NF-κB ligand (RANKL) and osteoprotegerin (OPG) as markers related to the production and activity of osteoblasts and osteoclasts.
Vitamin K is related to blood coagulation, assisting the promotion of OC carboxylation of γ-glutamic acid, which is produced by osteoblasts, and aiding in bone formation by coupling carboxylated OC with phosphine. (15) Many studies have demonstrated that low intake of vitamin K decreases bone density, and that this is a factor that increases osteoporosis and bone fracture. (16) In the study by Booth et al., (17) low intake of vitamin K1 led to low bone density, and was a factor for increased risk of bone fracture. When vitamin K1 was administered to human bone marrow culture, osteoclast formation was inhibited. (13) After administering vitamin K2 to osteoblasts, real-time gene expression analysis found that the OC, OPG, and RANKL genes were expressed, demonstrating that vitamin K2 has an influence on osteoblasts and osteoclasts. (18) In addition, vitamin K2 supplementation in patients with osteoporosis necessitated by the administration of glucocorticoids inhibited OPG decrease, and had effects of bone loss prevention. (19) Vitamin K2 supplementation in patients with rheumatoid arthritis accompanied with osteoporosis decreased RANKL levels and inhibited osteoclast activation. (20) Therefore, vitamin K affects bone condition both in healthy adults and in patients with specific diseases.
Therefore, this study attempted to describe the bone metabolism indices related to osteoblasts and osteoclasts and the morphology of bone microstructure through vitamin K1 and K2 supplementation in an obese mouse model under a high-fat diet. The C57BL/6J mouse is easy to become obese with high-fat diet. 
Materials and Methods
Animals and diets. Forty-two male, 4-week-old C57BL/6J mice were purchased from Central Lab Animal Inc., Korea. During the experiment, an automated constant-temperature humidity system was used to maintain a temperature of 23°C ± 2°C and humidity of 60% ± 3% for the animals. The animals were provided with feed and drink ad libitum. This animal experiment was approved by the Won Kwang University Institutional Animal Care and Use Committees. For environmental adaptation, the animals had 1 week of circulation, and then were provided with the experimental diet after being randomly divided into 6 groups (7 animals in each group; randomized block design). The AIN-93G diets consisted of a normal diet (N), normal
high-fat diet (HF), 45% high-fat diet + vitamin K1 (HF-K1), and a 45% high-fat diet + vitamin K2 (HF-K2). The vitamin K1 (Sigma, St. Louis, MO) and vitamin K2 (Sigma) contents were 200 mg/ 1,000 g, and the diet was provided in pellet form. The details are listed in Table 1 . Food intake amount was measured every other day. Body weight was measured once a week, and the food efficiency ratio (FER) was calculated by dividing the increased body weight from day1 to the final day by the food intake amount during the experiment period. For fat amount measurement, the epididymal fat, perirenal fat, and retroperitoneal fat were extracted from dead animal subjects, were washed with 0.9% NaCl, dried by filter paper, and then were weighed.
Biochemical analysis. After 12 weeks, the animals were fasted for 12 h, sacrificed with ether, and then their blood was collected from the aorta and orbital veins. The blood samples were centrifuged at 3,000 rpm for 15 min and stored at −70°C until analysis. OPG (Immundiagnostik, Bensheim, Germany), RANKL (Immundiagnostik), CTx (RatLaps, Herlev, Denmark), and OC (Cusabio, Wuhan, China) were measured with an ELISA reader (Molecular Devices, Sunnyvale, CA) according to the kit.
Bone measurement. After the experimental diet, the femur was removed and stored in formalin to acquire bone micro-images through high-resolution 3-dimensional (3D) micro focus computed tomography (micro-CT; SkyScan 1172TM, SkyScan, Kontich, Belgium). The Martín-Badosa et al. (22) and Fujikawa et al. (23) analyses were used. Micro-images were reconstructed in gray-scale using Necron ver. 1.10 (SkyScan), and the reconstructed 2D image was reconstructed into a 3D model using CT An software (SkyScan). The CT An software analyzed the measured femoral bone by establishing the region of interest at 2.35 mm from the cartilage above the growth plate. The measurements included bone mineral density (BMD), bone volume (BV), which is the morphology of the bone microstructure, bone-specific surface (BS/BV), percent bone volume with in the volume of interest (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp), structure model index (SMI), and connectivity density.
Statistical analysis. SPSS ver. 19.0 was used for statistical analysis. The results are presented as the mean and standard error (SEM). The Mann-Whitney U test was used for the difference between the HF and N groups, one-way ANOVA was used for the difference between the N, N-K1 and N-K2 groups, and the HF, HF-K1 and HF-K2 groups, and the Duncan test was used for post-hoc comparison between the groups, respectively. The significance was set at p<0.05.
Results
Lab animal body weights and diet efficiency. The initial and final body weights and diet efficiency of the lab animals are presented in Table 2 . The initial and final body weight difference in each group was not significant, but the final weight in the HF-K2 group was lower. Epididymal fat, compared to the normal diet group 1.69 ± 0.08 g, the HF group resulted higher 2.04 ± 0.13 g (p<0.05), retroperitoneal fat was also higher in high-fat diet group 0.58 ± 0.01 g compared to the normal diet group 0.05 ± 0.04 g (p<0.05). The total fat amount including epididymal fat, perirenal fat, and retroperitoneal fat was significantly higher in high-fat diet 2.89 ± 0.15 g compared to the normal diet group 2.43 ± 0.13 g (p<0.05). Epididymal fat was significantly different between the HF-K1 group 1.58 ± 0.15 g and HF-K2 group 1.36 ± 0.23 g compared to the HF group (p<0.05). Perirenal fat was lower in the HF-K1 group 0.22 ± 0.07 g and HF-K2 group 0.16 ± 0.07 g compared to the HF group (p<0.05). Total fat amount was significantly lower in the HF-K1 group and HF-K2 group than the HF group (p<0.05). Total fat was no significantly different between the N-K1 group 2.26 ± 0.25 g and N-K2 group 2.20 ± 0.21 g compared to the N group. Total food intake amount during the experiment was 239.85 ± 9.00 g in normal diet group, 180.51 ± 3.94 g in high-fat diet group (p<0.001), 248.31 ± 1.00 g in the N + K1 group, 223.95 ± 10.56 g in the N + K2 group and 153.60 ± 9.17 g in the HF-K1 group, 155.72 ± 14.34 g in the HF-K2 group.
Diet efficiency was lower in the HF group than that in the N group (p<0.01), but no difference was found between the HF group and the HF-K1 and HF-K2 groups.
Bone metabolism index analysis. The results of the bone metabolism index analysis are shown in Table 3 . For the statistical analysis on bone metabolism marker, the difference between normal diet and high-fat diet was analyzed, and then the vitamin K1 and K2 supplementation groups were compared with high-fat diet group. Among the biochemical markers of bone metabolism, the bone formation index, OC, was lower in the HF group (41.84 ± 1.54 ng/ml) than the N group (57.60 ± 4.17 ng/ml; p<0.05), and the bone resorption marker CTx was higher in the HF group (30.88 ± 2.14 ng/ml) than in the N group (24.52 ± 1.80 ng/ml; p<0.05). OC levels in the N-K1 group, N-K2 group and HF-K1, HF-K2 groups were 53.60 ± 5.38 ng/ml, 59.67 ± 5.11 38 ng/ml and 52.27 ± 5.54 ng/ml, 51.02 ± 7.34 ng/ml, respectively. CTx levels in the N-K1 group, N-K2 group and HF-K1, HF-K2 groups were 28.15 ± 1.37 ng/ml, 29.56 ± 2.11 ng/ml and 29.60 ± 1.83 ng/ml, 27.38 ± 1.63 ng/ml, respectively. There was 2.31 ± 0.31 ng/ml of the osteoclast inhibitor, OPG, in the HF group, 2.35 ± 0.12 ng/ml OPG in the HF-K1 group, and 2.90 ± 0.11 ng/ml OPG in the HF-K2 group, demonstrating that the OPG concentration was increased. The levels of RANKL, which is related to osteoclast formation, were 0.40 ± 0.06 ng/ml, 0.26 ± 0.02 ng/ml, and 0.21 ± 0.11 ng/ml in the HF group, HF-K1group, and HF-K2 group, respectively (p<0.05). The ratio of bone RANKL/OPG, was 0.32 ± 0.08 in the N group, 0.22 ± 0.03 in the N-K1 group, 0.22 ± 0.04 in the N-K2 group and 0.21 ± 0.06 in the HF group, 0.12 ± 0.01 in the HF-K1 group, 0.07 ± 0.01 in the HF-K2 group, demonstrating that high fat diet with vitamin K supplementation significantly suppressed the activities of bone resorption by osteoclast (p<0.01).
Morphologic analysis of bone density and structure.
Two-dimensional image analysis and 3D cross-sectional and lateral analyses were performed using images of the bone microstructure. We determined that the HF-K1 and HF-K2 groups had less bone loss compared to that in the HF group (Fig. 1) . Based on the image analysis, the microstructural bone analysis results are shown in Table 4 . Bone density in the HF group was low (0.22 ± 0.00) as compared to that in the N group (0.24 ± 0.01; p<0.05), and the bone density in the HF-K1 and HF-K2 groups increased to 0.23 ± 0.00 and 0.24 ± 0.00, respectively, due to the vitamin K supplementation. No significance was found in the Tb.N, although the Tb.N in the HF-K1 and HF-K2 groups increased to 1.05 ± 0.04 and 1.10 ± 0.07, respectively, compared to1.03 ± 0.07 in the HF group.
Discussion
Previous studies have reported conflicting results that vitamin K supplementation induces an increase or no effect in the bone density in patients with osteoporosis. (24, 25) Simultaneous bone morphologic analysis and biochemical tests need to be conducted to determine whether the intake of vitamin K influences on bone metabolism. Therefore, this study performed to determined effects of vitamin K1 and K2 supplementation on bone metabolism, density, and microstructure in a high-fat diet-induced obese mice.
Although there was no body weight difference between normal diet group and high-fat diet group in this study, the epididymal fat, perirenal fat, and retroperitoneal fat accumulation were higher in high-fat diet group than the normal diet group. The total fat amount of these three areas were also higher in the high-fat diet group. Body weight includes the weight of fat, muscle, and other organs. The weight of fat is lighter than muscle or other organs although its volume is bigger; it was lower in high-fat diet animals in this study. Body weight and body fat amount can be used as the obesity marker, and the increase in fat due to high-fat diet may have induced obesity in this study.
Osteoblasts and fat cell derive from mesenchymal stem cell, and they decrease as fat cells increase, causing bone loss. (26) Recently, a metabolic correlation between obesity and bone density was reported. This was also found in the study of Kim et al. (27) , which focused on the bone density and bone metabolism of the obesityinduced mouse, and whose results revealed lower bone density in obese mice caused by a high-fat diet.
Vitamin K is an accessory factor that affects bone formation by promoting the carboxylation of γ-glutamic acid in osteocalcin, which is generated in osteoblasts. In this study, osteocalcin, which is the bone formation marker, was lower in high-fat diet group than the normal diet group, and CTx, which is the bone resorption marker, was higher in high-fat diet group than the normal diet group. This showed that obesity by high-fat diet decreases bone formation, and increases bone resorption. The bone formation marker (28) OC has been reported to increase with the intake of vitamin K. In this study, OC level of HF groups which were supplemented with vitamin K1 or K2, was higher than that in the HF diet-only group. Consequentially, it was demonstrated in the vitamin K-supplemented HF group that the intake of vitamin K had an influence on bone formation compared to the N group, and that the decrease in OC due to a high-fat diet can be recovered with vitamin K supplementation. CTx, a bone resorption marker, was higher in the HF group than in the N group. This result was similar to the study by Patsch et al., (29) which reported higher CTx values in the high-fat diet group than in the low-fat diet group. In this study, CTx was lower in the vitamin K-supplemented HF groups than the HF diet-only group. As the final body weights in the vitamin K-supplemented groups were lower, the intake of vitamin K evidently decreased the excessive increase in body weight and had an influence on bone metabolism. Therefore, vitamin K1 and K2 supplementation decreases the bone resorption index and increases the bone formation index, balancing bone metabolism, and is thus considered to prevent bone loss.
OPG is a substance that inhibits osteoclast differentiation by interacting with RANKL. A study reported that an increase in OPG increases bone density in men, (30) and an animal study reported an increase in trabecular bone when OPG was administered to mice. (31) Cellular experiments have also reported an influence of vitamin K2 on osteoblasts and osteoclasts. (13) Koshihara et al. (13) , demonstrated that vitamin K1 and K2 treatment decreased the expression of RANKL and enhanced the expression of OPG in the stromal cells, and they conclude that Vitamin K might stimulate osteoblastogenesis in bone marrow cells, controlling osteoclastogenesis through the expression of RANKL. In our study, OPG increased in the group supplemented with vitamin K2, while RANKL decreased in the same group. Based on this finding, OPG and RANKL, which are involved in osteoclast activity, are considered to be influenced by vitamin K in mice that are obese due to a high-fat diet.
Also, the receptor activator of nuclear factor-κB ligand (RANKL), which is a metabolite inside an osteoblast, decreased when vitamin K was supplemented in high-fat diet group, and OPG, which inhibits RANKL and osteoclast differentiation, also decreased after vitamin supplementation. This showed that vitamin K supplementation changes the balance of bone formation and bone resorption in bone metabolism, and leads to bone density increase as a result. However, the results of osteocalcin and CTx, which showed increased osteocalcin and decreased CTx after vitamin K supplementation, were not statistically significant. This might be due to small sample size.
The results of the bone density analysis revealed an increase with the vitamin K1 and K2 supplementation in high-fat diets. Fig. 1 . Femur morphologic analysis of bone density and structure. Three dimensional imaging analysis was performed by microcomputed tomo graphy. The reconstructed 2D image was reconstructed into a 3D model using CT An software (SkyScan, Kontich, Belgium). Studies on the relationship between bone density and vitamin K generally have used dual-energy x-ray absorptiometry or ultrasonic densitometry, (32) but this study used high-resolution 3D micro-CT to analyze the morphologic microstructure of trabecular bone. In the study by Fujikawa et al., (24) the Tb.N increased when vitamin K2 and calcium were fed to ovariectomized mice, and the Tb.Sp decreased. Yamaguchi et al., (33) also fed vitamin K2 to ovariectomized rats, and reported that it prevented bone loss. These two studies used osteoporosis-induced animals, and the methods differed from those in this study, in which obesityinduced mice were fed vitamin K supplements. In this study, even though there was no significantly statistical difference in the microstructure analysis between the groups, but BV, Tb.N, and Tb.Sp were seemed to be better in the vitamin K2-supplemented group than those in the HF group, indicating that vitamin K2 may play a role in protecting the structures of trabecular bone.
This study determined that a high-fat diet induces a decrease in bone density and an increase osteoclast activity and decrease osteoblast activity in bone metabolism indices.
The effects of vitamin K1 and K2 supplementation in normal diet on bone metabolism were not statistically significant. However, vitamin K1 and K2 supplementation in a high-fat diet could prevent a decrease in bone density, and vitamin K2 had a greater effect on this parameter. Therefore, vitamin K2 increases OPG, a marker related to bone density and the metabolism of osteoclasts and osteoblasts, and it decreases RANKL, and thus has an influence on bone metabolism. This study has showed the effects of vitamin K on bone density and metabolism in animals, but further studies are needed to determine whether the same holds true for obese humans. Future studies would need to perform bone measurement and biochemical examinations on the bone microstructures and metabolism in humans.
